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––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
A B S T R A C T 
It is assumed that small herbivores produce negligible amounts of methane, but it is unclear 
whether this is a physiological peculiarity, or simply a scaling effect. A respiratory chamber 
experiment was conducted with six rabbits (Oryctolagus cuniculus, 1.57 ± 0.31 kg body 
mass) and six guinea pigs (Cavia porcellus, 0.79 ± 0.07 kg) offered grass hay ad libitum. 
Daily dry matter (DM) intake and DM digestibility were 50 ± 6 g kg–0.75 d–1 and 55 ± 6 % in 
rabbits and 59 ± 11 g kg–0.75 d–1 and 61 ± 3 % in guinea pigs, respectively. Methane 
production was similar for both species (0.20 ± 0.10 L d–1 and 0.22 ± 0.08 L d–1) and 
represented 0.69 ± 0.32 and 1.03 ± 0.29 % of gross energy intake in rabbits and guinea pigs, 
respectively. In relation to body mass (BM) guinea pigs produced significantly more methane. 
The data on methane per unit of BM obtained in this study and from literature on methane 
output of elephant, wallabies and hyraxes all lay close to a regression line derived from 
roughage-fed horses, showing an increase in methane output with BM. The regression 
including all data was nearly identical to that based on the horse data only (methane 
production in horses [L d–1] = 0.18 body mass [kg]0.97 (95%CI 0.92–1.02)) and indicates linear 
scaling. Because feed intake typically scales to BM0.75, linear scaling of methane output 
translates into increasing energetic losses at increasing BM. Accordingly, the data collection 
indicates that an increasing proportion of ingested gross energy is lost because relative 
methane production increases with BM. Different from ruminants, such losses (1-2% of gross 
energy) appear too small in non-ruminant herbivores to represent a physiologic constraint on 
body size. Nevertheless, this relationship may represent a physiological disadvantage with 
increasing herbivore body size. 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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1. Introduction 
Methane production has been detected in the faeces of nearly all herbivorous and, 
additionally, some omnivorous and carnivorous terrestrial vertebrates (Hackstein and Van 
Alen 1996). Therefore, methanogenesis is considered a primitive-shared characteristic among 
reptiles, birds and mammals (Hackstein and Van Alen 1996; Mackie et al. 1999). In vivo 
methane production has been measured in large herbivores – predominantly domestic 
ruminants, but also domestic horses – in order to characterise feed efficiency and the 
contribution of agricultural systems to greenhouse gas production (reviewed in Franz et al. 
2010b). In small herbivores and omnivores such as rabbits (Oryctolagus cuniculus), guinea 
pigs (Cavia porcellus), naked mole rats (Heterocephalus glaber), and rats (Rattus rattus), 
methanogenesis has been mainly studied by in vitro assays with species-specific gut contents 
as inoculum (Prins and Lankhorst 1977; Yahav and Buffenstein 1991; Piattoni et al. 1996; 
Marounek et al. 1997; Piattoni et al. 1997; Marounek et al. 1998; Piattoni et al. 1998; 
Marounek et al. 1999; Tsukahara and Ushida 2000). In vivo measurements are less common 
(Rodkey et al. 1972 - rabbits, guinea pigs and rats; McKay and Eastwood 1983 - rats; Dufour-
Lescoat et al. 1995 - rats; Belenguer et al. 2008 - rabbits). In particular, measurements of 
methane production from small herbivores on roughage diets (mimicking the natural diet) are 
lacking so far. Such measurements are required to test whether methane production scales 
with body mass in a certain manner; the scaling of methane production with body mass has 
only recently been investigated (Smith et al. 2010). Franz et al. (2010b) suggested that 
methane production scales linearly with body mass in horses and ruminants, and on a higher 
overall level in the latter.  
In order to test whether or not methane production per unit of body mass in small 
herbivores is of a similar magnitude as that of larger non-ruminant herbivores, methane was 
measured in rabbits and guinea pigs kept on a hay-only diet; subsequently, the results were 
added to a literature data collection.  
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2. Materials and methods 
Six adult pygmy rabbits and six adult guinea pigs (for body mass see Table 1) originating 
from different litters were housed individually at 20 ± 2 °C on a 12 h light : 12 h dark 
schedule. The animals were offered ad libitum access to grass hay (organic matter, 926 g kg–1; 
crude protein, 72 g kg–1; neutral detergent fibre (NDF), 635 g kg–1; acid detergent fibre, 360 g 
kg–1; gross energy, 16.47 MJ kg–1, on a dry matter (DM) basis, analysed in two subsamples by 
standard procedures (AOAC 1997). After an adaptation period of 2 weeks, feed intake 
(offered and leftover) was registered daily, and faeces were collected completely for 7 days. 
Faeces were dried at 60°C to constant weight and analysed for DM, NDF and gross energy 
(AOAC 1997). Due to a logistical error, faecal samples of only three rabbits were analysed 
for gross energy content. Subsequently, DM, NDF and energy digestibilities were calculated. 
Coprophagy was not prevented, or accounted for, in the present study. Fresh water was 
available at all times. 
After the 7-day collection period, animals were placed in open circuit respiration chambers 
operated as described in Soliva and Hess (2007) for two consecutive 22.5 h periods. The 
chambers had a volume of 0.85 m3 and provided constant humidity (60%), temperature (20 ± 
1°C), airflow (1.00 ± 0.04 m3 h–1), and pressure (987 ± 8 hPa). Gas analysers were manually 
calibrated with calibration gases (calibration gas 1: pure nitrogen (N2), calibration gas 2: 
20.44% mol oxygen (O2), 0.439% mol carbon dioxide (CO2), 75.7 ppm mol methane (CH4)). 
A possible drift of the analyser was numerically adjusted by regularly analysing outside air 
and calibration gases besides measurements of the chamber air composition. Methane 
concentrations were measured on a Binos 1001 (Fisher-Rosemount, Baar-Walterswil, 
Switzerland). Gas volumes were corrected for standard conditions (1013 hPa, 0 °C, 0% 
relative humidity). Methane production was expressed in absolute values and in relation to 
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intakes of food, gross energy, digestible energy and digestible NDF (as a measure of fibre). 
Comparisons between rabbits and guinea pigs were performed using a t-test. 
The results from the present experiment were added to a literature collection of data on 
methane production in ruminants and equids of known body mass fed roughage-only diets 
(Franz et al. 2010b), and data on an elephant (Elephas maximus) (Benedict 1936), on tammar 
wallabies (Macropus eugenii) and on hyraxes (Procavia habessinica) (von Engelhardt et al. 
1978). This data collection was analysed after ln-transformation using regression analysis, 
calculating 95% confidence intervals (95%CI) for the estimated parameters with PSAW 18.0 
(SPSS Inc., Chicago, IL). The significance level was set to 0.05. 
 
3. Results and discussion 
3.1. Methane output of non-ruminant mammalian herbivores 
The rabbits had higher body masses but a lower methane production per unit of body mass 
(Table 1). The relative feed intake (per unit metabolic body mass) as well as the relative 
measures of methane output (per unit of feed or energy intake) were not significantly 
different, but given that P was between 0.05 and 0.08 in these cases, more measurements with 
larger sample sizes might reveal differences in the future. Methane output expressed per unit 
digestible fibre intake was very similar in both species. The amount of methane produced by 
the guinea pigs in the present study was very similar to that reported by Rodkey et al. (1972) 
in animals whose diet was not specified (Fig. 1). In contrast, the amount of methane produced 
in the rabbits in the present study was distinctively higher than the levels reported by 
Belenguer et al. (2008). This discrepancy is striking; the animals used in the present study had 
been exposed to grass hay as a dietary item throughout their lives, which might not have been 
the case with the animals used in the other study. In rabbits, in vitro evidence gained by using 
gut contents of animals of various ages as inocoulum suggests that methane production is age-
dependent (Piattoni et al. 1996; Marounek et al. 1999). The animals used by Belenguer et al. 
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(2008) for in vivo measurements were much younger than those used in the present study (2.5 
months vs. >1 year). Thus, differences in age and diet most likely explain the observed 
differences. 
Guinea pigs usually achieve higher digestibility coefficients than rabbits (Slade and Hintz 
1969; Sakaguchi et al. 1987). In this study, DM digestibility did not differ significantly 
between the species; but again, the relatively low P of 0.075 suggests that differences might 
be found if a larger sample was used. Actually, the numerical difference in DM digestibility 
between the species is probably explained by the significant difference in fibre digestibility 
observed in the same study (Franz et al. 2010a). The comparative literature on the digestive 
physiology of rabbits and guinea pigs (reviewed in Franz et al. 2010a) suggests a higher 
contribution of microbial fermentation to the overall digestion in guinea pigs, which would 
also explain the observed higher methane production in the guinea pigs as compared to the 
rabbits when expressed per unit of body mass. In contrast, rats, being omnivores not relying 
on microbial fermentation to the same extent as guinea pigs and rabbits, have a comparatively 
low relative methane output (Fig. 1). The rats in the study of Rodkey et al. (1972) only 
produced 24 ± 11 % of the expected values when compared to estimated values extrapolated 
from the general regression equation for non-ruminant herbivores (0.18 BM0.97; see below). 
Empirical data for small herbivores indicates that reductive acetogenesis occurs to a 
significant extent in the hindgut (Prins and Lankhorst 1977). Together with the generally 
higher fibre digestibility in ruminants, this could explain the relatively low level of 
methanogenesis in non-ruminant herbivores when compared to ruminants. Reductive 
acetogenesis has also been detected in a larger avian hindgut fermenter, the ostrich (Fievez et 
al. 2001). In the hindgut of domestic horses, lower concentrations of Archaea (methanogens) 
have been found than in the rumen of domestic ruminants (Morvan et al. 1996). Protozoa, 
which are often hydrogen producers and therefore often have a close metabolic relationship 
with Archaea, have been detected in the digestive tract of both guinea pigs (Dehority 1986) 
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and rabbits (Lelkes and Chang 1987; animals of the control group of that study). Similarly, 
protozoa have been described in the digestive tracts of elephants (Dehority 1986), equids 
(Kern et al. 1974), wallabies (Cameron 2003), and hyraxes (Schubats 1908). 
 
3.2. Relationship of body mass and methane production in non-ruminant mammalian 
herbivores 
Franz et al. (2010b) described the relationship between body mass and methane production 
(L d-1) in horses as 
Methane production (L d-1) = 0.18 BM0.97  
(r2=0.76; p<0.001; n=23; 95%CI factor 0.04-0.79; 95%CI exponent 0.72-1.22).  
The values for rabbits and guinea pigs from the present study, and for the other non-
ruminant herbivores from the literature, were all close to this regression equation (Fig. 2). 
When combining the individual measurements for the non-ruminant herbivores, the resulting 
regression equation was 
Methane production (L d-1) = 0.18 BM0.97  
(r2=0.98; p<0.001; n=41; 95%CI factor 0.14-0.23; 95%CI exponent 0.92-1.02).  
Remarkably, the inclusion of the additional data, which expanded the BM range by several 
magnitudes, thus did not change the scaling relationship (but only reduced the range of the 
confidence intervals). 
In the data collection of Franz et al. (2010b), methane production of ruminants as a 
percentage of gross energy intake (GEI) scaled with body mass as 
Methane production (% GEI) = 3.53 BM0.13  
(r2=0.25; p<0.001; n=44; 95%CI factor 2.52-4.94; 95%CI exponent 0.06-0.20). 
For all non-ruminant herbivores combined (Fig. 3a), this relationship was 
Methane production (% GEI) = 0.79 BM0.15  
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(r2=0.57; p<0.001; n=25; 95%CI factor 0.63-0.99; 95%CI exponent 0.09-0.20; note that 
discrepancies in n between analyses is due to differences in analyses performed in the various 
source studies).  
Thus, the exponent of the scaling relationship was not significantly different between 
ruminants and non-ruminants (overlapping 95% CI), but the scaling factor was, again 
indicating that methane losses are generally of a higher magnitude in ruminants. 
When expressing methane losses as a percentage of digestible energy intake (DEI; Fig. 
3b), the scaling in ruminants was nearly significant at 
Methane production (% DEI) = 7.87 BM0.09  
(r2=0.11; p=0.053; n=35; 95%CI factor 5.13-12.06; 95%CI exponent -0.001-0.18). 
For all non-ruminant herbivores combined, this relationship was significant with 
Methane production (% DEI) = 1.48 BM0.17  
(r2=0.71; p<0.001; n=31; 95%CI factor 1.21-1.81; 95%CI exponent 0.13-0.21).  
When the rabbits were excluded because of their different digestive strategy for hindgut 
fermenters with a reduced fibre digestibility (Franz et al. 2010a), then the resulting 
relationship was significant at 
Methane production (% DEI) = 1.83 BM0.13  
(r2=0.70; p<0.001; n=28; 95%CI factor 1.53-2.20; 95%CI exponent 0.10-0.17). 
Overall, these results suggest that absolute methane output, in a broad-scale comparison, 
scales linearly with body mass in non-ruminant mammalian herbivores across a large range of 
body sizes (Fig. 2). This linear scaling is highly relevant when compared to the usual scaling 
of food intake with BM0.75 in herbivorous mammals (Clauss et al. 2007), because it translates 
into a disproportionate increase of methane energy losses per unit food intake with increasing 
body mass. In the dataset on methane measurements used in Fig. 2, food intake data is 
available for 25 individuals (guinea pigs and rabbits from this study, and horses). The 
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allometric regression describing the relationship of dry matter intake (in kg d-1) to BM in that 
data is  
Dry matter intake (kg d-1) = 0.054 BM0.79  
(r2=0.99; p<0.001; n=25; 95%CI factor 0.049-0.060; 95%CI exponent 0.77-0.82). 
The exponent is thus close to the expected 0.75, and is significantly lower than the one for 
methane production. One could assume that methane production does not so much reflect 
total dry matter intake but rather the intake of fibre or digestible fibre – which might scale 
differently than total dry matter intake, with larger animals ingesting more fibre (and 
potentially also digesting more of it). However, in the same data collection, among the 
measurements for which also data on fibre (neutral detergent fibre, NDF) and digestible fibre 
(digestible NDF) were available, the corresponding allometric relationships were, for daily 
NDF intake (in kg d-1) 
NDF intake (kg d-1) = 0.034 BM0.79  
(r2=0.99; p<0.001; n=23; 95%CI factor 0.030-0.038; 95%CI exponent 0.76-0.82), 
and for daily digestible NDF intake (in kg d-1) 
Digestible NDF intake (kg d-1) = 0.016 BM0.77  
(r2=0.98; p<0.001; n=23; 95%CI factor 0.014-0.020; 95%CI exponent 0.73-0.82). 
Because an absolute increase of body mass translates into a higher absolute food intake, a 
general increase in methane production with increasing body mass is not surprising; one 
would simply expect methane production to increase in parallel with food intake. The 
regressions, however, suggest that there is a real difference between the scaling of methane 
production on the one, and of dry matter, fibre or digestible fibre intake on the other hand; the 
confidence intervals of the scaling exponent for intake and for absolute methane production 
(L d-1) do not overlap. This indicates that the disproportionate increase of methane losses as a 
percentage of energy intake with increasing body mass (Fig. 3) is a true biological effect 
related to systematic changes in digestion factors with increasing body mass. Due to the 
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similarity in the linear scaling of gut capacity (Clauss et al. 2007) and methane production 
(Franz et al. 2010b; this study), one could assume that methane production is simply a 
function of gut volume. 
The general scaling of methane production is obvious, even though at a fine resolution, 
differences in digestive physiology like those found between guinea pigs and rabbits also 
influence methane production. The few existing data on a non-ruminant foregut fermenter, the 
wallaby (a macropod), suggest that it is some aspect of ruminant digestive physiology, but not 
foregut fermentation as such, that makes the difference with respect to methane production 
(Clauss et al. 2010). Although in vivo measurements on methane production in macropods are 
scarce (Kempton et al. 1976; von Engelhardt et al. 1978; Dellow et al. 1988), and data from 
only one study could actually be included in this comparative evaluation, it has recently been 
claimed that macropods produce little methane (Wilson and Edwards 2008). We suggest that 
this is not due to a specific particularity of macropods, but just within the scope of methane 
production observed in other non-ruminant herbivores. 
The scaling of methane production with body mass adds to the assumption of Clauss and 
Hummel (2005) that, contrary to previous concepts, an increase in body mass does not 
necessarily translate into a net digestive advantage (Franz et al. 2010c). Nevertheless, given 
the comparatively low level of methane production in non-ruminant herbivores, it is 
questionable whether methane output would ever reach a relevant proportion of overall 
energy intake. If the regression equations for non-ruminants are extrapolated to body masses 
of the largest terrestrial herbivores ever – the sauropod dinosaurs that reached up to 100 
metric tonnes (Sander et al. 2010) –, the resulting proportion of methane of 4.4 % of gross 
energy intake can probably not be regarded as the single, overruling physiological limit of 
body size (as compared to 6-10 % observed in ruminants). When considering methane as a 
proportion of digestible energy, however, extrapolated values (with any of the two equations 
either including or excluding rabbits) at 100 metric tonnes would correspond to 8.2-10.5 % of 
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digestible energy intake in non-ruminant herbivores, and thus reach values observed in 
ruminants today. If one accepts the concept that methane production represents a 
physiological limitation to body size evolution in ruminants, then very large sauropods could 
be hypothesized to have reached a similar constraint. 
 
4.3. Conclusions 
The data collection of the present study suggests that energy losses through methane 
production increase – though only slightly – with increasing body mass in non-ruminant 
mammalian herbivores. On a larger scale, this is overriding the differences between individual 
species, such as the rabbits and guinea pigs of the present study. More detailed in vivo studies 
on a wide range of herbivore species are needed to identify differences between groups 
characterized by a specific taxonomy or digestive physiology. 
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Legend of the figures
 
:  
Fig. 1. Relationship between body mass and methane production in guinea pigs using data 
from the present study and from Rodkey et al. (1972), in rabbits using data from the present 
study and from Belenguer et al. (2008), and in rats using datasets from Rodkey et al. (1972) 
and McKay and Eastwood (1983). 
 
Fig. 2. Relationship between body mass and methane production (in litres per day) in 
ruminants (gray regression line from Franz et al. 2010b) and non-ruminant mammalian 
herbivores. Rabbit and guinea pig data are from the present study, horse data collected in 
Franz et al. (2010b), data on the elephant are from Benedict (1936). Data on wallabies (fed on 
roughage) and hyraxes (fed on a mixed diet, excluding one outlier with very low methane 
production) originate from von Engelhardt et al. (1978). The black regression line was 
exclusively calculated from the horse data, but was extrapolated to lower and higher body 
masses. All regression equations used are explained in text (results and discussion section). 
 
Fig. 3. Relationship between body mass and methane production as a percentage of a) gross 
energy (GE) intake and b) digestible energy (DE) intake in ruminant and non-ruminant 
mammalian herbivores. Ruminant and horse data collected in Franz et al. (2010b), the rabbit 
and guinea pig data are from the present study. Regression equations depicted for ruminant 
(gray line) and non-ruminant herbivores with (dotted line) and without rabbits (black line) are 
explained in text (results section). 
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Table 1 
Mean (±SD) body mass, feed intake, digestibility and methane production in rabbits 
(Oryctolagus cuniculus, n=6) and guinea pigs (Cavia porcellus, n=6) on a hay-only diet. 
  Rabbit Guinea pig P-valuea 
Body mass (BM) kg 1.57 ± 0.31 0.79 ± 0.07 0.001 
Dry matter intake (DMI) g kg–0.75 BM d-1 50 ± 6 59 ± 11 0.076 
Dry matter digestibility % 55 ± 6 61 ± 3 0.075 
Methane output 
L d–1 0.20 ± 0.10 0.22 ± 0.08 0.784 
L kg–1 BM d–1 0.13 ± 0.07 0.28 ± 0.11 0.016 
L kg–1 DMI 2.93 ± 1.36 4.40 ± 1.23 0.076 
% of gross energy 0.69 ± 0.32 1.03 ± 0.29 0.084 
% of digestible energy 0.98 ± 0.36 1.83 ± 0.60 0.064 
L kg-1 digestible NDFb 10.7 ± 4.8 12.8 ± 4.1 0.450 
aIndependent sample t-test.  
bNDF neutral detergent fibre. 
